1. Spontaneous isometric contractions were measured in rings of sheep mesenteric lymphatics. Field stimulation at short pulse widths increased the frequency of spontaneous contractions and this response was blocked by 3 x 1O-7 M w-conotoxin and by 10-6 M guanethidine. 2. Rings that had been incubated with [3H]noradrenaline released 3H in response to field stimulation in a frequency-dependent manner. 3. Exogenous ATP mimicked the response to field stimulation and this was blocked by 10-4M suramin but not by prior desensitization with 10-6 M a,fl-methylene ATP. Exogenous noradrenaline was not blocked by 10-4 M suramin. 4. The excitatory response to field stimulation was not blocked by to-4 M suramin but a combination of 1o-4 M suramin and 3 x 10-6 M phentolamine did block the response.
Stimulation of the splanchnic nerve in anaesthetized sheep increases the pumping activity of the main intestinal lymph duct (Harty, McGeown, McHale & Thornbury, 1988) but this response cannot be blocked by adrenergic antagonists (Harty, 1990) . This is a surprising finding in view of the considerable body of evidence, both histochemical and functional, that lymphatics of other species have a noradrenergic innervation (Todd & Bernard, 1973; Alessandrini, Gerli, Sacchi, Pucci & Fruschelli, 1981; McHale, 1985 McHale, , 1991 McHale, , 1993 VanHelden, 1993) . The studies of McHale, Roddie & Thornbury (1980) and Allen & McHale (1986) demonstrated that isolated bovine mesenteric lymphatics had a simple noradrenergic innervation which could be blocked completely by a combination of a-and fl-antagonists. The possibility that the differences between responses to sympathetic stimulation in the sheep and in vitro responses in bovine vessels were due to differences in the behaviour of nerves in the living animal was excluded by the work of Harty, Thornbury & McHale (1993) . These authors showed that the response to field stimulation in isolated rings of sheep mesenteric lymphatics could not be blocked with adrenergic antagonists but they did not establish the nature of the innervation.
The purpose of the present study was to take a closer look at the innervation of sheep lymphatic vessels and attempt to establish the identity of the transmitter or transmitters involved. A preliminary account of part of this study has been communicated to the Physiological Society (Hollywood & McHale, 1993a) .
METHODS
Segments of main lymphatic duct 5 cm in length and 2 mm in diameter were dissected from the mesenteries of sheep approximately o min after slaughter. The vessels were transported in warmed oxygenated Krebs solution to the laboratory where the surrounding fat and connective tissue was removed from the lymphatic by sharp dissection. Rings of lymphatic 2 mm in diameter and 8 mm in length were then dissected from the main duct, suspended between stainlesssteel hooks and placed into a water-jacketed organ bath (volume 5 ml) maintained at 37 'C. The rings were perfused with Krebs solution of composition (mM): NaCl, 120; NaHCO3, 25-0; KCl, 5.9; Na2HP04, 1-2; CaCl2, 2-5; MgCl2, 12; glucose, 11-0; gassed with 95% 02, 5% CO2. The rings were then adjusted to a tension of [2] [3] [4] (Feldman, Olivera & Yoshikami, 1987) .
RESULTS
Approximately 50% of the preparations set up showed spontaneous contractions which were phasic in nature and consisted of a rapid contraction followed by a slower relaxation, similar in nature to those described 
The effects of putative neurotransmitters
The results of the study referred to above (Harty et al. 1993) made it clear that the excitatory response to field stimulation was not blocked by adrenergic or cholinergic blockers, or by a,,-methylene ATP, and this led to the tentative conclusion that the innervation was neither noradrenergic nor cholinergic nor purinergic. We therefore examined a range of possible transmitters including 5-HT and NPY. Although 5-HT has an excitatory effect similar to nerve stimulation in bovine vessels (Hutchinson, Hollywood, Burke, Allen & McHale, 1992) , its effect in sheep lymphatics was to cause a concentration-dependent inhibition of spontaneous rhythm (Hollywood & McHale, 1993b) , thus clearly ruling it out as a possible excitatory transmitter. NPY, on the other hand, did have an effect closely resembling field stimulation but the response to field stimulation could not be blocked by the NPY antagonist PYX-2 or by desensitizing with NPY.
The effect of guanethidine Guanethidine is known to block sympathetic nerves by a complex mechanism that is as yet incompletely understood. The action is probably a combination of a local anaesthetic effect (blocking action potential propagation in nerve terminals; Brock & Cunnane, 1988) and depletion of neurotransmitter in nerve terminals. Figure 2 shows a summary of five experiments where the lymphatics were stimulated for 1 min at 0 5 Hz before and in the presence (Dunn & Blakeley, 1988 suramin. It is clear that suramin alone did not block the excitatory response at either frequency. However, when the a-blocker phentolamine (3 x 10-6 M) was also added, the excitatory effect of field stimulation was blocked. A summary of six such experiments is shown in Fig. 9 . The mean frequency of contraction in the absence of either drug (open columns) was 5 9 + 0 9 contractions min-1 and this was almost doubled to 10f5 + 11 contractions min-' 
DISCUSSION
The results of this study confirm that the increase in frequency of spontaneous contractions in isolated sheep mesenteric lymphatics in response to field stimulation is nerve mediated (since it is blocked by w-conotoxin and by the sympathetic blocker guanethidine). Our previous conclusion (Harty et al. 1993 (1991) were unable to desensitize ATP-mediated contractions of the rabbit middle cerebral artery with a,/J-methylene ATP. Similarly Wiklund & Gustafsson (1988) showed that the contractile effect of ATP was not blocked by a,fl-methylene ATP in the guinea-pig ileum and they speculated that ATP may activate a 'P2S' receptor in J. Physiol. 481.2 this tissue. Chen et al. (1992) showed that application of al,-methylene ATP to strips of rabbit detrusor muscle caused an initial contraction followed by desensitization on continuous application of the drug. It is not clear from the present results why both blockers were necessary to produce any reduction in the response to field stimulation. One might expect that phentolamine alone or suramin alone would cause a significant, though not complete, reduction in the nerve-induced acceleration in frequency of spontaneous contractions. This was not the case. There was no significant reduction in the frequency of contraction during field stimulation compared to the period before stimulation in the presence of phentolamine alone (Harty et al. 1993) or in the presence of suramin alone. In the case of suramin the interpretation is a little complicated by the fact that this drug caused a consistent slowing of spontaneous contraction frequency, but if one compares the relative change in frequency in response to field stimulation during suramin administration with the control it can be seen that this is almost exactly doubled in each case. Van Riper & Bevan (1991) showed that a similar phenomenon exists in the rabbit middle cerebral artery. The proposed transmitters in this case are noradrenaline and NPY but the pattern is similar to that observed in sheep lymphatics. Either transmitter alone was capable of producing the same contractile response as both together. The explanation given by these authors was that each transmitter was acting presynaptically to inhibit the release of the other. Normal transmission would produce a response reflecting the occupation of prejunctional and postjunctional sites by both substances. If one transmitter system were antagonized, the diminution of response from postjunctional blockade would be offset by enhanced release of the other transmitter because of blockade of inhibitory prejunctional sites. The resulting response would thus appear little changed. A similar explanation may account for our present results although we have no direct evidence to support it. We do know that activation of presynaptic a2-receptors in bovine mesenteric lymphatics depresses the release of noradrenaline in response to field stimulation (Allen et al. 1988) . It is also known that a2-agonists can inhibit the field-evoked release of ATP (Sperlagh & Vizi, 1992) and that ATP can act presynaptically on P3 receptors to inhibit the release of noradrenaline (Westfall, Kasumasa, Forsythe & Bjur, 1990 ). Thus such a mechanism might well exist but further study is needed to test the hypothesis.
It is not entirely clear what the consequences of this dual innervation are for the lymphatic system. The main function of these vessels is to propel lymph like a series of smooth muscle hearts. The normal effects of nerve stimulation are to modulate this pumping activity. This is normally achieved in bovine vessels by a depolarizing excitatory junction potential which in those vessels is due solely to the release of noradrenaline (Allen & McHale, 1986) . What extra advantage there is in the co-release of ATP is not immediately apparent. The existence of this second transmitter has, however, advantages in the study of the nervous control of the lymph pump in the living sheep. Chief among these is the possibility of selectively antagonizing the effects of sympathetic nerve stimulation on blood vessels (with a-adrenergic antagonists) while leaving intact a functional innervation in lymphatic vessels (i.e. the purinergic component). This will make it possible to study the latter while blocking the effects of sympathetic nerve stimulation on blood vessel diameter and thus on lymph formation.
